Mutant p53 proteins accumulate to high levels in human tumors and in preneoplastic lesions in the skin and fallopian tube. However examination of tissues from mice and fish that are homozygous for mutant p53 surprisingly showed that the protein was present only at low levels except in the tumors that arose in these animals. The mutant protein did accumulate, however, following treatment with ionizing radiation in the same tissues in which the wild-type protein is induced. Here we study in detail the accumulation of mutant and wild-type p53 proteins following ionizing radiation in zebrafish embryos. We found that the mutant protein was induced by lower levels of radiation and reached higher levels than the wild-type protein. Morpholino knockdown of the zebrafish homologs of Mdm2 and Mdm4 caused dramatic accumulation of mutant p53 protein. The most remarkable results were observed by examining p53 protein levels over an extended time course. Mutant p53 protein increased and persisted for days after irradiation and this was accompanied by persistent elevation of phosphorylated H2AX (gH2AX), implying that the resolution of DNA damage signaling in these embryos is severely compromised by mutations in p53. Thus mutation in p53 results in an exaggerated and persistent damage response, which could in turn drive the process of cancer development as high levels of mutant p53 can act as an oncoprotein to drive invasion and metastasis.
INTRODUCTION
Mutation in the coding region of the p53 tumor suppressor gene occurs in over 50% of human cancers. 1 The mutant protein accumulates to high levels in the nuclei and cytoplasm of tumor cells and this has been suggested to have prognostic significance. 2 The p53 staining patterns seen in tumors show considerable variations, 3 but the basis of this heterogeneity remains unclear.
Two recent developments in the p53 field have provoked great interest in these phenomena. The first is the clear proof in animal model systems that mutant p53, in addition to its ability to act as a dominant negative inhibitor of wild-type p53, also has an independent hypermorphic function. Mutant p53 expressed in the absence of wild-type p53 shows the ability to promote growth and invasive behavior in both tissue culture and animal models. [4] [5] [6] [7] This 'gain of function' of mutant p53 may act through the ability of the protein to form aggregates with, and thus inhibit the activity of, the other two members of the p53 protein family, p63 and p73. [8] [9] [10] The aggregation occurs through the recently identified aggregation sequence ILTIITL found in all three family members. 11 The second development is the discovery in tumor-prone human tissues of large numbers of clones of cells that express very high levels of mutant p53 without obvious effect on their morphology or behavior. These p53 'signatures' nevertheless appear to be precursors for the development of malignancy, as they can be associated with more overtly altered cells bearing the same mutation. Such features are found at elevated levels in epithelia that are subject to a high mutagenic burden, for example, in adult sun-exposed skin or in the fallopian tubes of women who have inherited germ line defects in DNA damage repair. 12 The discovery that p53 induces the synthesis of the E3 ubiquitin ligase MDM2 that targets it for proteosomal destruction, provided an attractive explanation for the high levels of mutant p53 found in human tumors. 13, 14 In this model, as mutant p53 cannot induce the synthesis of MDM2, the protein will accumulate until it is targeted for degradation by other processes. Studying the levels of mutant p53 that accumulates in the tissues of animals lacking wild-type p53, can test this model. In both mouse and fish models, it has been reported that such animals do not accumulate high levels of p53 in their tissues spontaneously, but that the accumulation can be induced by DNA damaging and other p53 activating agents in exactly the same way that the accumulation of the wild-type protein is induced. 6, 7 These results draw into question the role of the p53-Mdm2 feedback loop in vivo. To study this further, we hypothesized that the absence of the feedback loop might be most noticeable in the recovery period after exposure to DNA damage. Specifically, the induction of Mdm2 in the animals expressing wild-type p53 would ensure a more rapid return to basal levels of p53 protein once the inducing signal had been switched off. We found that very high levels of p53 persisted and indeed increased after irradiation of p53 mutant animals suggesting that the mutant protein could be a driver oncoprotein for carcinogenesis induced by DNA damage.
RESULTS
Accumulation of mutant p53 protein and disappearance of wild-type p53 protein after ionizing radiation Recently, zebrafish mutants carrying mutations in p53 protein were generated by Thomas Look's lab (Dana Farber Cancer Institute, Boston, MA, USA). In one of the mutants, tp53 m214k , which corresponds to the p53 m246k mutation in human p53 protein, the function of wild-type p53 was completely abolished. 15 We previously developed a panel of monoclonal antibodies to zebrafish p53 and showed them the p53 protein is induced by 24 Gy ionizing radiation (IR) in both wild-type and tp53 m214k zebrafish embryos at 2 days post fertilization (d.p.f.) in a restricted group of tissues; notably in the intestine, stomach, liver, pharyngeal arches, tectum cerebellum and myelencephalon. 16 We noted in these studies that p53 immunostaining at 10 h post radiation was stronger in the tp53 m214k mutant zebrafish than in the wild-type fish. To extend this study, we developed the conditions for p53 detection by immunoblotting using the antibody ZFp53 9.1, which gives an exceptionally low background signal, even when used on extracts of untreated whole embryos. 17 The antibody recognizes an epitope in the 20 amino-terminal amino acids of zebrafish p53 that is present in both the wild-type and mutant tp53 M214K proteins. We predicted that the absence of transcriptional activity of the tp53 M214K mutant on the Mdm2 gene, which we had shown earlier using whole-mount in situ hybridization, and also reverse-transcription PCR (Supplementary Figure 4) , might alter the kinetics at which p53 protein returns to basal levels following ionizing radiation. We were however surprised by the magnitude of this effect. Figure 1 shows that in the wild-type embryos exposed to 25 Gy, p53 can be detected 0.5 h post-irradiation and at slightly higher levels 3 h postirradiation. However by 7 h, levels dropped back almost to the undetectable levels found in un-irradiated animals. In sharp contrast, levels of mutant tp53 M214K protein reached much higher levels even within 0.5 h after irradiation, and then continue to rise for the next 6.5 h. The levels then remain very high for the next 3 days in the tp53 m214k mutant.
Sensitivity of mutant p53 protein accumulation to low doses of radiation The accumulation of the mutant tp53 M214K protein was so remarkable compared with the wild-type protein that we decided to carry out a dose response analysis. In Figure 2 we studied 10, 20 and 40 Gy dose levels looking at p53 levels at 5, 7, 24, 48 and 72 h post irradiation. In both the wild-type and the tp53 m214k mutant fish, a clear dose-dependent effect was seen, but again over all three doses and all five time points, the difference between the wild-type and tp53 m214k mutant fish was remarkable. At 10 Gy, p53 protein was barely detectable in the wild-type zebrafish, whereas prominent p53 proteins were seen in the mutant fish at all five time points, peaking at the 24 h time point. Significant reduction was seen by 72 h, although even then levels had not dropped as low as that found in untreated fish. This persistence of mutant p53 protein accumulation was even more dramatic at doses of 20 and 40 Gy, where p53 levels showed continued accumulation 24 h after irradiation. Exceptionally high levels and continued accumulation were seen even 72 h after the 40 Gy dose had been given. As discussed later, this means that such mutant fish may represent a sensitive biological reporter system for radiation exposure.
Morpholino inhibition of both Mdm2 and Mdm4 caused the accumulation of mutant p53 protein The principal E3 ligase that controls wild-type p53 levels and activity has been determined to be the MDM2 RING finger protein. [18] [19] [20] [21] Structural studies have shown that MDM2 forms dimers and by analogy shares the mechanism of action determined recently for the closely related E3 RNF4. 22 For this class of E3 ligases, dimer formation is essential for function because it activates the UbcH5-ubiquitin complex, so that ubiquitin can be effectively transferred to lysine on the target substrate. In this context, an active E3 ligase can also be formed when MDM2 forms heterodimers with the closely related MDM4 protein. 23 While MDM2 homodimers are also active as E3 ligase for p53, MDM4 homodimers are inactive. 24 To study the roles of Mdm2 and Mdm4 in regulating the stability of the tp53 M214K mutant protein, we developed morpholinos to knockdown their expression. Two Mdm4 morpholinos were tested, one targeting the region around the ATG of Mdm4 and the other targeting the untranslated region (UTR) of its mRNA. We established their efficacy by showing that they could block the expression of GFP from an Mdm4 UTR-fused GFP expression construct in vivo (Supplementary Figure 1) . Three days after injection, both morpholinos were seen to induce and maintain high levels of p53 in the tp53 m214k mutant fish but not in the wild-type fish. This induction is specific because control morpholinos do not show this activity (Figure 3a) . When we injected a Mdm2 morpholino, we saw a similar effect, namely that at 3 days following the injection we could see a clear accumulation of p53 in the tp53 m214k mutant fish but not in the wild-type fish ( Figure 3b ). We speculate that the selective induction of p53 in the tp53 m214k mutant fish is because when p53 is induced by morpholino knockdown in the wild-type fish, it induces the transcription of Mdm2, which in turn reduces p53 levels below easy detection. As the tp53 m214k mutant fish do not induce Mdm2, the accumulation of p53 is apparent.
Small protein molecule inhibitors of the p53-Mdm2 interaction induced accumulation of mutant p53 protein The known property of some morpholinos to induce a p53 response has confounded to some extent the examination of the p53 pathway using this approach in zebrafish. 25 While we used control morpholinos and examined the accumulation of p53 at late time points after injection, we nevertheless sought alternate approaches to determine if Mdm2 was indeed the E3 ligase responsible for maintaining the low levels of mutant p53 in zebrafish embryos. Fortunately small molecule inhibitors of the p53-MDM2 interaction have recently been described that can activate the p53 response in mouse and human cells and cause the rapid and reversible inhibition of p53 degradation by MDM2. [26] [27] [28] [29] We tested whether one of these molecules, Nutlin-3, could stabilize mutant p53 in zebrafish embryos. As a control, we treated the zebrafish embryos with the cyclin-dependent kinase inhibitor roscovitine, which we have shown to be a potent inducer of both wild-type and mutant p53 accumulation acting through the nucleolar disruption pathway. 16, 17 As seen in Figure 4 , mutant p53 accumulated after 4 h of treatment with Nutlin-3, though the effect was relatively modest and lost after 8 h of exposure. We speculate that this could be due to some instability of the drug. It is known that Nutlin's effects are very dose sensitive and very rapidly reversible after drug removal, 30 so even quite a modest Figure 1 . Mutant p53 protein accumulated after ionizing radiation. Both wild-type and tp53 m214k mutant zebrafish embryos were treated with 25 Gy of ionizing radiation (IR) at 2 d.p.f. The total protein was extracted at different time point after IR and subjected to western blot analysis with ZFp53 9.1 antibody. IR induced p53 protein in both wild-type and tp53 m214k mutant zebrafish. While, wild-type p53 protein was rapidly degraded, mutant p53 protein accumulated, even after 3 days of IR treatment.
Zebrafish p53 response L Guo et al rate of drug decay could yield this effect. Nevertheless the exquisite specificity of Nutlin-3 for the p53-MDM2 interaction strongly supports the morpholino data suggesting that MDM2/ MDM4 is the principal regulator of both wild-type and mutant p53 levels. Such a hypothesis helps to explain the almost identical anatomy of the stabilization response of the wild-type and mutant p53 proteins seen in our original immunohistochemical studies. 16 It is also in good agreement with the recently published work of Lozano's group. 31 Mutant p53 protein accumulation associated with gH2AX accumulation The very high levels of mutant p53 seen after ionizing radiation could occur if the mutant fish is unable to resolve the DNAdamaging signals induced by ionizing radiation, such that the DNA damage signaling pathway is persistently activated. This is consistent with recent data showing the persistence of UV-induced DNA photoproducts in UV irradiated tp53 m214k zebrafish, which are rapidly cleared by effective DNA repair in p53 wild-type zebrafish.
32 gH2AX formation is a rapid and sensitive cellular response to the presence of DNA double-stranded breaks after ionizing radiation. 33 To investigate this hypothesis, we compared the rate of accumulation and disappearance of gH2AX after ionizing radiation. We found that gH2AX was sustained at very high levels even 72 h after radiation in the tp53 m214k zebrafish ( Figure 5 ) but was not detected in the untreated tp53 m214k zebrafish. In the wild-type fish embryos, gH2AX was induced by ionizing radiation treatment, but it disappeared within 48 h post treatment (Supplementary Figure 2) , confirming the more rapid resolution of this marker of DNA damage in the wild-type fish. Figure 2 . Accumulation of wild-type and mutant p53 protein at different dosage of IR treatment. Both wild-type and mutant fish embryos were treated with ionizing irradiation. Proteins from the whole embryos were collected after the IR treatment and analyzed by western blotting. Low dosage of IR could easily induced the accumulation of p53 protein in tp53 m214k mutant zebrafish, but hardly in wild-type zebrafish. After IR treatment, p53 protein was rapidly disappeared in wild-type zebrafish, but not in tp53 m214k mutant zebrafish. The protein level of mutant p53 was even increased in tp53 m214k mutant zebrafish 2 to 3 days after high dosage of IR treatment. m214k mutant zebrafish was treated with 100 mM nutlin-3 for 4 h and 8 h before protein extraction and subjected to western blot analysis with ZFp53 9.1 and anti-tubulin antibodies. Mutant p53 protein accumulated after 4 h nultin-3 treatment, but the amount was less than that from roscovitine treated embryos. After 8 h of treatment with nutlin-3, mutant protein was no longer accumulated. This might be due to the instability of the drug in fish embryo medium.
In mouse model systems, the tumor specific accumulation of p53 reflects the frequent appearance of high levels of p53 seen in human cancers. To investigate this in our zebrafish model, we examined a series of tumors that arose spontaneously in tp53 m214k mutant fish (Figures 6a and b) using immunohistochemistry and immunoblotting. Even at low magnification ( Figure 6c ) the accumulation of p53 in the tumor tissue but not in the normal tissue of the tumor bearing animals was striking. At higher magnification, the intense nuclear p53 staining in the majority of the tumor cells was clearly visible (Figure 6d, Supplementary  Figure 5 ). We asked if the mutant p53 accumulation seen in the tumors was related to the persistence of DNA damage signaling as we had seen in our radiation studies. Staining of sequential sections with an antibody to gH2AX showed that the DNA damage signaling pathway was clearly activated in this tumor (Figures 6e  and f) . However there was not a complete concordance with the p53 staining as the number of gH2AX positive nuclei in the tumor was clearly less than the number of p53 positive nuclei. Western blotting confirmed the extraordinary high levels of mutant p53 Figure 5 . gH2AX accumulated in the IR-treated tp53 m214k mutant embryos. H2AX was phosphorylated in tp53 m214k mutant embryos upon IR treatment. And similar to mutant p53 protein, phosphorylated H2AX persisted even after 3 days of IR treatment. that had accumulated in the tumor tissue of these fish. Interestingly there was some elevation of p53 levels in the nontumor tissue of the homozygous tp53 m214k mutant zebrafish, which was not seen in the wild-type or the tp53 m214k heterozygous mutant zebrafish (Figure 7 ). In the tumors taken from the stomach of the mutant fish, we also found the accumulation of the mutant p53 protein, though it was more heterogeneous (Supplementary Figure 3) . This variability in expression between cells in the tumor is also often seen in human cancer samples and must be explained by variable effects of the tumor cell environment on mutant p53 stability.
Mutant p53 protein persistence at the cellular level One of the powerful features of the zebrafish system is the ability to carry out genetic screens and it would be of great interest to further investigate the signaling pathways involved in the stabilization of the mutant p53 protein using genetic approaches. To begin this approach, we sought a method that would allow us to rapidly study the stabilization of mutant p53 following ionizing radiation in a large number of embryos. We used a simple acetone-methanol fixation method to develop a whole-mount staining protocol that allowed us to examine the trunk region of the embryo for p53 expression (Figure 8 ). The trunks of wild-type zebrafish embryos do not accumulate appreciable levels of p53 protein during the normal course of development at 48, 56 and 72 h post fertilization (h.p.f.), as revealed by wholemount immunohistochemistry with anti-p53 monoclonal antibody (Figures 8a-c, respectively) . Wild-type embryos, irradiated with 30 Gy of ionizing radiation at 48 h.p.f. also do not appear to accumulate detectable levels of p53 at 0, 8 and 24 h after ionizing radiation (Figures 8d-f) . In contrast, mutant p53 protein in homozygous tp53 m214k embryos accumulates in a number of nuclei (arrows) in tp53 m214k embryos at the same developmental stages (Figures 8g-i ). When subjected with 30 Gy of ionizing radiation, mutant p53 protein levels in tp53 m214k embryos were elevated in the embryos (Figure 8j) , and it continued to increase even after 8 and 24 h after the dose of IR (Figures 8k and l) . These results reflect closely what we have seen by the immunoblotting results described above.
DISCUSSION
Our earlier studies demonstrated that tp53 m214k mutant zebrafish do not express high levels of mutant p53 in their normal tissues but that this mutant p53 protein accumulated following treatment with ionizing radiation in the same cells that accumulated p53 in irradiated wild-type zebrafish. The implication that mutant p53 is subject then to the same regulatory controls on its stability is supported by our observation that the morpholino knockdown of Mdm2 expression also leads to the accumulation of tp53 M214K mutant protein. Interestingly the morpholino knockdown of Mdm4 was also potently able to result in the accumulation of the mutant p53 protein, implying that as in the mouse, 34, 35 this protein also has a key role in regulating p53 levels. As Mdm4 is itself inactive as an E3 ligase, this result implies that the Mdm2/ Mdm4 heterodimer might be the major effective form of the E3 ligase that controls p53 levels in the tp53 m214k mutant fish. Two papers published recently highlighted the crucial role of the heterodimerization of MDM2/MDM4 in control of p53 level during mouse embryonic development. 36, 37 It would be interesting to further investigate how this heterodimer is involved in the stability of p53 mutant protein.
While p53 wild-type zebrafish produce a profound upregulation of the Mdm2 mRNA after ionizing radiation, the tp53 m214k mutant zebrafish fail to do so. This predicts that if this upregulation of mdm2 is important in regulating the p53 response, we should be able to see differences in the p53 response kinetics when we compare p53 wild-type and tp53 m214k mutant fish. This is indeed the case and using both immunoblotting and cell staining approaches, we were able see a dramatic difference in both the level of p53 accumulation and the persistence of the p53 protein.
What was very surprising was the finding that at higher doses of irradiation, not only did the tp53 M214K protein not disappear at the rate of the wild-type protein but in fact dramatically continued to increase even between 2 and 3 days after the delivery of the dose of 40 Gy. Though this is a high dose, it is not lethal in the tp53 m214k mutant fish as indeed the continuous accumulation of protein testifies. The results suggest that once mutant p53 levels cross a certain threshold they induce a positive feedback loop by generating a persistent damage signal that continues to inactivate the E3 ligase activity of the MDM2/MDM4 heterodimer. This idea is re-enforced by the accumulation and persistence of the gH2AX signal in the tp53 m214k mutant fish. Could this 'locking on' of the p53 accumulation signal explain the persistently high levels of p53 immunostaining seen in mutant p53 human tumors? It is certainly an attractive explanation of the gH2AX staining seen here in the zebrafish tumors and has been reported by Halazonetis and others in human cancers. 38, 39 What could the mechanism be for the persistence of the damage signal in the tp53 m214k mutant fish? One model suggests that p53 is itself important for DNA damage repair and that p53 mutant fish are repair-defective. Another model is that the mutant protein itself delivers a DNA damage signal when it reaches high levels. This could explain the induced genetic instability that is seen when mutant p53 protein is over-expressed in mammalian (Het), tp53 m214k/m214k tumor (Mut T) and tp53 m214k/m214k non-tumor (Mut NT) were analyzed by western blot. Actin was used to confirm equal total protein concentrations were loaded. (b) Western blot band densities were measured and the fold increase in p53 protein abundance over the p53 wt/wt level was represented graphically.
systems. Provocatively, recent studies on mutant p53 have been able to equate its function as a dominant transforming oncogene to its ability to form protein aggregates with other p53 family members. The process of aggregation involves seeding phenomena and is very concentration dependent, making this model very attractive as an explanation as to why when we exceed a certain dose we see the continued accumulation of p53, whereas at lower doses the protein is eventually cleared. The close similarity of our results to that recently reported in studies on mice carrying the p53 515A allele is exciting and suggests that the basic principles of how p53 accumulates in tumors is highly conserved in evolution. 5 As with the murine studies, these studies on the tp53 m214k mutant zebrafish have disturbing implications for current radio and chemotherapy of p53 mutant tumors. Indeed, our results further enhance that concern by suggesting that irradiation of such tumors could result in surviving cells expressing very high levels of mutant p53 and genetic instability in a 'locked in' state that cannot be resolved. The search for therapies that reduce mutant p53 levels and block its aggregation therefore becomes especially urgent. In this regard the zebrafish may prove a valuable model. While screening using whole-mount staining of p53 expression is hampered by the fact that lethal sampling is involved, it has encouraged us to attempt to produce fish expressing mutant p53 GFP hybrid fusion proteins, which would then potentially allow such screens for molecules that block the persistence of mutant p53 expression.
MATERIALS AND METHODS

Fish maintenance
Adult zebrafish (Danio rerio) were obtained from the local fish store and maintained in the fish facility at the Institute of Molecular and Cell Biology with a controlled light cycle of 14 h light/10 h dark at 28 1C. They spawned soon after the onset of light, and the fertilized eggs were collected at the one-cell stage.
Western blotting
The antibody ZFp53-9.1 was used to detect zebrafish p53. The protocol was modified from our previous paper. The zebrafish embryos were de-yolked by syringe and centrifuged at 200 r.c.f. for 5 min The pellet was further sonicated with RIPA buffer containing protease inhibitors (cOmplete, EDTA-free, Roche, Basel, Switzerland) and centrifuged at 14 000 r.p.m. for 10 min The supernatant was denatured with sample reducing reagent and the loading buffer (Invitrogen, Carlsbad, CA, USA). Thirty micrograms of total protein was loaded on each lane. The electrophoresis was carried at 160 V for 2 h on a 10% denaturing gel followed by membrane transfer using Iblot (Invitrogen). The primary antibody was diluted to 2 mg/ml for the overnight incubation at 4 1C, followed by stringent washes. The secondary antibody was horseradish peroxidaseconjugated rabbit anti-mouse diluted to 1:70 000 (Thermo Fisher Scientific, Rockford, IL, USA). After stringent washing, the membrane was incubated with femto substrate (Thermo Fisher Scientific) before exposure.
Morpholino injection
Morpholinos were synthesized by GeneTools, LLC (Philomath, OR, USA). Morpholinos were dissolved to 60 ml in water and stored at À 20 1C. Injection of morpholinos was performed on a microinjection apparatus Figure 8 . Mutant p53 protein accumulates after irradiation. The trunks of wild-type (a, b) zebrafish embryos do not accumulate appreciable levels of p53 protein during the normal course of development at 48, 56 and 72 h.p.f., as revealed by whole-mount immunohistochemistry with anti-p53 monoclonal antibody (a-c, respectively). Wild-type embryos, irradiated with 30 Gy of IR at 48 h.p.f. also do not appear to accumulate detectable levels of p53 at 0, 8 and 24 h after IR (d-f). In contrast, mutant p53 protein in homozygous tp53 m214k embryos accumulate in a number of nuclei (arrows) in tp53 m214k embryos at the same developmental stages (g-i). When subjected with 30 Gy of IR, mutant p53 protein levels in tp53 m214k embryos were elevated in the embryos (j), and it continued to increase even after 8 and 24 h after the dose of IR (k, l). 
Immunohistochemistry
Adult fish with tumors were fixed in 4% PFA for 1 h at room temperature followed by 4 1C overnight. Specimens were washed in PBST (phosphatebuffered saline with Tween 20) solution for 10 min three times and dehydrated in ethanol at 70% (1 h), 80% (1 h), 90% (1 h), two changes of 100% (1 h) and finally fresh100% (4 h) before being processed into wax. Wax sections at 5 mm were collected onto poly-L-lysine-coated slides (Menzel Glasser, Braunschweig, Germany) and dried on a 42 1C hot plate for 2 h.
Slides were dewaxed in xylene and rehydrated through a descending series of alcohols to water. Endogenous peroxidase activity was blocked by immersing sections in a solution of 3% hydrogenperoxide in methanol for 30 min. Rehydrated sections were immersed in an epitope retrieval solution (Target Retrieval Solution, pH 6.0, Dako Cytomation, Glostrup, Denmark) and heated in a pressure cooker (2100 Retriever, Pick Cell Laboratories, Leiden, The Netherlands) to expose the antigens. After overnight cooling, the slides were rinsed in three changes of phosphate-buffered saline (PBS). Sections were blocked with 10% goat serum (Dako Cytomation) in PBS. Five times diluted hybridoma supernatants were used as primary antibodies for 1 h at room temperature. After a 5 min tap water wash, the sections were incubated for 30 min in the EnVision peroxidase labeled polymer conjugated to goat anti-mouse immunoglobulins (Dako Cytomation). Antigen-antibody interaction was then visualized using 3,3 0 -diaminobenzidine (DAB) as a substrate and the sections were lightly counterstained with haematoxylin before dehydrating and mounting in distrene, plasticiser and xylene (DPX).
Whole-mount p53 immuno-histochemical staining
Wild-type (AB) and tp53 m214k embryos were allowed to developed to 48 h.p.f. before they were subjected to 30 Gy of ionizing radiation, and unirradiated embryos were collected as controls. These embryos were manually de-chorionated at respective time points after irradiation and fixed with a mixture of methanol and acetone (1:1) at À 20 1C overnight. This was followed by (3 Â 5 min) methanol washes and stored at À 20 1C.
The embryos, fixed with methanol:acetone mixture, were rehydrated through a series of methanol:PBS grade (75%, 50% 25%, 5 min each) and 1 Â PBS. The embryos were blocked in PBDT (1 Â PBS, 1% DMSO, 1% bovine serum albumin, and 0.1% Tween-20) containing 0.03% hydrogen peroxide, at room temperature for 1 h.
Supernatant containing mouse monoclonal ZFp53 5.1 antibodies was diluted in PBDT and applied to the embryos overnight at 4 1C. The antibody was subsequently removed with 4 Â 30 min washes with PBDT at room temperature. DAKO EnVision Kit (K007) was used according to manufacturer's recommendation, with a minor modification with a 1 in 2 dilution of the secondary antibody solution with PBDT. The embryos were cleared and dissected in 70% glycerol in PBS, and images were captured with Zeiss Axioscope with a Â 10 objective.
